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STUDIES OF THE OPTICAL ABSCRETION SPECTRUM

OF RUTILE SINGLE CRYSTALS "

by
Bernard H. Soffer T

Laboraiory for insulation Research
Masseachusetts Institute of Technology

Cambridge, Massachusetts

Abstract: The optical absorption of single crystals of synthetic rutile was in-
vestigated in the spectral range from 1200 to 25,000 <:rn‘1 anc}: from

i

room temperature to 1000°¢C. f'
b

i

' The eége

The electronic absorption exhibits dichroic vehavior.
with the

moves toward lower energies as temperature is increased,

~ shift depending upon the absdrption coefficient; for a dccadié absorption

coefficient {a') of 4uQ em L the shift is 7.1x10"4 ev/°K, whx’_le at l cm’.
. 3

itis 9, 5)(10-4 ev/uK. The broad band in the region'_of OBSU;,cm-l. which

occurs in reduced rutile, does not appear in fully oxidized rutile, even
at high temperature. .

At high temperatures an additional wavelenéth-independent ab-
sorption appears which, by applying the Drude-Zener theory of free

carrier absorption, can be correlated with good agreen.ent to ‘d-¢ con- .

ductivity.

New bands in the 33u0 cm-I region are shown to stem {ron O-H

valence vibrations. The main bands are unusually sharp, with peaks at

3277 and 3322 ¢m ' and half-w:dths of 28 and 13 cm-‘, respectively;

*Based in part on a thesis submitved in partial fulfillment of the requxrefnents

for the Degree of Master of Science in PL sics at the Massachusetts Institute

of Technology.

t Presen\ address: Hughes Aircraft Co., Culver City, Calif.
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a satellite structure of combination and difference oinds was also detected,
Deuteriun, substitution causes an absorption at 2442 cm-L. The entire
structure shows a marked dependence of the absorption oun the polarization
direction of the light., Some evidence is presented that these O-H groups
cause a dielectric dispersion, |

Ché‘mgcs in carriey de_nsiiy were detected in transmission measure-

ments on a current-carrying crystal.

Introduction

The Laboratory for Insulation Rescarch is engaged in cpmpiehensive re-"
search on charge-carrier mobilization and motion. The present invesiigation
is part of this program and especially concernéd with the effect of temperature
on the electroni; behavior of dielectric materials, as revealed by spectroscopy,

Rutile hav been ;md'er scrut‘lny in the lL.aboratory for a nuinber of years
S:u;iiesl-4) on the dielectric behavior of TiO, ceramics and single crystals as
a function of frequency, field, ard ‘temperature, and an investigation of the elec-
trical and optical properties of single crystalss) have been published. Elec-
trical evidence indicates that at higher temperatures a thermal transfer of elec-
trons from OZ- to Ti‘“ takes placy if a purely ionic description is ch_ose'n. Elec-
tronic conductivity could then be exptained by elzctron exchange betweel. Ti3+

and Ti4+, possibly accompanied by hole transfer in the oxygen siructure of the

1) A. von Hippel et al., NDRC'Rep. VI, Aug:, 1944 ané Rep, XI, Oct., 1945,
Lab. Ins Res., Mass, Inst. Tech,

2) A. von Hippel, R.G. Breckenndge, F. G. Chesley, and L. Tisza, Ind. Eny.
Chem. 38, 1097 (1944)

3) A. von Hippel, Revs. Mod. Phys. 22, 221{1950).

4) K. G. Srivastava, Tech. Rep. 127, June, i958; Tech, Rep. 139, June, 1959;
Progr. Rep. No. XXI, p. 12, Lab. Ins. Res., Mass. last. Tech.

5) D. C. Cronemeyer, Phys. Re.. 87, 876 (1952),
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lattice. The electronic transfer would e analogous to the well-kncwn electron
exchange betweer ferrous and ferric ions jocated on octahedral lattice zites in
magnetite. 6) In the case of rutile, enoigh of these carriers might be transfer-
red at srut:»'iciently high temperature to permit observation of transitions from
these excited states and new absorgtiors. Simultaneously, the increased lattice
vibrations should shift and broaden the whole systcim of original levels. Il might
also be possible to observe changes in absorption due to injected carriers.

2)

It was found préviouslyl' that 1n order to explain the negative temper -
ature coefficient of the dielectric consl;.ant as well as other pfopgr:f':s, wne had
to agssume that TiOZ is not puré\iy ionic but a transition caaé ~bet‘.twee'-1 polar and .
npnpoléir binding. A discussion of the crystalus!.rucmre of rutile ‘.étragon_al:
l—’z/mm:h) and a review of its opticalﬁp;opefties have been presented by Crone-
r;:neyer. 5) No adequate calculations of the velectronic structure of the rutiler
lattice by band theory exist, Cron‘émeyer succeeded in correlating the low-tem-
perature threshold of optical absorption at 3,03 ev with the activation energy of
high-temperatu}e conductivity and the maximum photoconductivity response.
Certain absorptions attributed by him to impurities in the lattice appear $a ke
spurious (i.e., they were probably causéd by changes of prisms and instru-
ments). In.reduced rutile Croneme}e? correlated vacant oxygen sites with con-~
c¢uctivity data and a broad band at about i. 85 #, using a model of heliumlike
atoms modified by the dielectric environment.

‘A temperature study of the eigenabsorption edge was made by Cronemeyer
from 4000 to 54U0 A between 4.2° and 775°K. These data indicatéd a general
shift of the band édge toward lower energies at the rate of 6.3 x10”4 e‘v,/dK, iwith

an absorption coefficient of about 30 cm-l, cacept for an anomalous shift toward

longer wavelengths as the temperature was reduced to near 4°K. (The only

¢) E. J. W, Verwey e al., J, Chem. Phys. 15, 181 (1947).



cther optical temperature study of r .liie 1s Schrdder's” work on the decrease
of the two refraction indices cf natural red rutile crystals with increasing tem-
peratures from 25° to 680°C irn a wavelength range from 0.7 to 0.5 u.) '

‘ A second lonfgﬂ'ange investigation of the Labofaliory concerns dielectric
relaxation spectra. Originally suc‘h spectra were analyzed according ta
Debye'sa) model of dipoles rotating with high frictional damping. ) E‘.requently,
however, dipole orientation by rotation is inconcé?,vable while orientation'!.ﬁ
inversion might still occur, as for example in the l‘ihifting lof hydrogen kcnas
or of polar molecular or atomic groups.g) In addition, a new kind 6( dipdle,
connected with crystalline lattice defects, has been invoked to explain dielec-
tric spectra.lo) Optical absorptions éssociated with lattice defects have been
obscrved, for instance, in neutrén-irradiated silicon.u) Dielectric-inversion
spectra, due to polar centers 6[ some kind, have been launbd in syntheiic single:
crygtals of ’I‘iOZ under certain conditions.4’ i2) 1} appeared important to cor-
relate thése spectia with possible optical manifest,a*'.iréns of such polar centeru.‘

.

Our measure:nents, as here presented, cover a vavelength range from.

1461200 em™!, the tail ct the

the electronic-absorpticn ecge near 24,000 cm
highest infrared vibration band, Special attention was pald to the broad band in

reduced rutile and to a region near 3 i, because the activution energy cf the

7) A. Schrider, Z. Krist. 67, 485 (1928).

8) P, Debye. "Polar Molecules, " Chemical Catalog Co., New York, 1629,
Chap. 5. ;

9) A. von H.ppel, Progr. Rep. No. XXl], Lab. Ins. Res., Mass. Inst. Tech,,

p. 3,
10) R. G. Brackenridge, J. Chem. Phys. 18. 913 (iysyj.
11) M. Becker, H.Y. ¥an, and K. Lark-Horovitz, Phys. Rev. 85, 730 (1952).

12) Y. L. Sandler, Progr. Rep. No, XVII, Lab. Ins. Res., Mass, Inst. Tech.,
p. lo.
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dizlectric dispersion suggested the ‘poésibility of finding an absorption there. ‘The

- : N o o
measurements in our investigation range {rom .:f:rx tempesature to 10007°C,

Sample Preparation and Measurement Techniques

Sample preparation

Boules of rutile.é grownrby flame fusioxj, were oriented by hé_ck-reflectioq.
Laue X-ray pictures to within one degree and cut with a diamond saw into slabs of
various sizes. The samples were polished by hand and specimens ranging in thick-
ness fruun 18 mm to 30 @ prepare&. With thick specimens the light be;iween crossed
polarizgrs could not be extinguisned an2 the optical axis {igu;'e appeared biaxial.
This strain was not discernible with X rays since the latter penetrate only a short
distance n;w I‘iO2 .

One of the boules exhibited, in addition to strain birefringence, a'doubling
of the Laue spots on (100) faces (perpendxcular to the a axxs) For example,

. points (V0£) appeared as two parallel lines, indicating that thie crystul wis really
‘not single but had a twinned structure with an angle of about 3 ®50'. This effect
was not visible'on (001} faces (perpendi:uléir to the ¢ axis).

Light scattering, caused by polishing marks and crystalline imperfections,
can falsify tl.\e valué of a when the mismatch in index of refraction between ma-
terial and imbedding medium is large. This is the case for rutile with its high
anie?.\troptc indey of ;'efraction (e.g., ziva_ = 2."4 and ny = 3.06 af 0,48 uj L and’

I} refer to the’ovriemation of the electric vector in reference to.the optical axis).
Hence-,hlespecially careful polishing is requljrec'l. '

~ During the course of the study it became necessary to oxidize and reduce
rutiie and at one time to introduce deuterium into it by heating the crystals to

high temperatures in appropriate atmospheres.. For this purpose the samples

were placed in alumina boats in a Vycor tube ard heated up to 1100°C, It is known

* Our boules courtesy of Dr. C. H. Moore of the National LLead Co., Titanium
Division, South Am*-2ay, N.J.; some otbers were purchased from Linde Air
Products Co.. Spevaway Laboratories, Indianapolis, Ind.
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! : . 5,13 '
-that the reduction ir nearly reversible, when not carried too far, - 13) by heating

in oxygen. Since.rutile.will reduce in vacuum or even in air at sufficiently high

temperature, the partial pressure of oxygen had to be kept high, This méy also

14)

be inferred from measurements of the conductivity as a function of oxygen

. - - el oo . - - - . ) -‘I
pressure at elevated temperature in the range of > 30 mm Hg where ¢ O Po‘/“‘

-

witha 2 4.3,

Instrr_uin_entation
Absorption spectra were investigated primarily with a Beckman IR-3
spectrophotometer using Ca¥F, prisms (spectral range 25,000 to ca. 1200 em™h,

15) served for

Line specira of gases accurately measured on grating ilaétruments
Vcalibration. To detectl any ,d.rxriiltvin_the instrument adjusﬁrhent, the spectra of
‘wuter, ‘carvbor dioxide, é,nd mercury vapors were recorded as a secondary cali-
bration. The use of é_chbpped light beam {10 c¢ps) made it possible to meas‘vuxe
the absorption of heate’:d samples by eliminz;ting thermal backgrot‘md raéia}ion.
The beam was ghopped‘zin {ront of the aamplle close to the light scdice. .'Sh'ay
light was negiigible over the entire spectﬁral range,

- Threée signal detectors of various ape?:t:al ranges were used: a Golay
cell from 1000 to 14, 000 e1a”) in lcombination‘with a Nernst glower; a photo-
multiplier from 14, ()Oi)“t:m_l to 25,400 crn"1 in conjunction with a tungsten lamp;
and a Pt;S cell from 12, 500 to 3600 c‘m.l, whu.h gave increased sensitivity,
eépecial:y whén covled with so{xd Co,.

Somé measurements were made with a Cary Model-i2 spectrophotometer,
which, as a qua_rté-priam double monochrometer, affords more resolution than

CaF, in the region of 25,000 cm ',

13) N. Nasu, Science Repts. TOhoku Imp. Univ. [1]25, 510 {1936).
14) M. D. Earle, Pnhys. Rev. 61, 56 (1942).

15) A. R. Downie, M. C, Magoon, T. Purcell, and B, Crawford, Jr., J. Ont.
Soc. Amer. 43, 941 (1953).



Auxiliary equipment

The cell used in the high-temperature study is shown in Fig. 1. A small
alumina tube wound with platinum heater wire is inserted in a water -cooled
ateel tube insulated with Sil-O-Cel; the furniace ends, made of Transite, sup-
port the alumina tube and the windous. Thier furnace is susnended from a; si,éci
plate by two hollow bolts that carry the electrical leads for the heater.

Thin sampler, were placed between two pre-crimped platir;um foils cut
out over a portion of the specirrens’ faces. The foil, servxirjg both as holder and

mask, was placed over the hole of an A1203 plate and laced on with fine platinum

wire. Large samples were mounted in tubular holders made from fire brick.

Thermocounle
Heater iead (Pt)

i 7 ~Steelptate support

B

IR-3 rod \& -

Steel support
Steel cylinder

Transite

Fig. 1. Cross section of high-temparature optical absorstion cell.
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For simultaneous measurement of the dielectric and oplical properties
of a crystal, a special type of holder, showu in Fig. 2, was uscd. Before each
run the cell was dried and outgassed at high temperatu-e to avoid window con-

taminaticn, Some measurements were made at liquid-nitrogen temberature in

s Dewsar weil previously desc ribé&.lbz
Pt wire sm——=a
- /e———-ThEYmOCOUple
/‘ob{
o000
i "{/ - Steel
Aluming 10ds &= -
Aluming hinges \4
' Sampie

Pt fou _ o
Sophire or Platinum plofes

Fig, 2, High-terrperature sample holder,

16) J. T. Last, Phyvs. Rev. 105 1740 (1957).
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An external focusing optical system was employed in absorption and
electro-optical experiments. This system (Fig. 3} permits optical masking
of aﬁy portion of the sample and its surroundings, and thus allows correction
for furnace-window contamination.

For polerization measurements in the visible region Polaroid disks and. s
Nicol prism were used. In the infrared, four sheets of AgCl at the Brewster.

angle provided 90 percent poiarization.

Representahon of Data

The reccrding spectropliotometer measures the transmittance T, the

ratio of transmitted to incident light intensity

2 -ad

.| { R
e ——;—-m - W
o 1 -R
The equation holds for a < lO3 ; R is the ratio of reflected to incident in-

tensity; interference effects are m’:glev;t.m.i.l n The refiectivity R is:

2 42 : ’

_(n-l +k ; .
R--—)T——T, . 2
L | (2)

(n+1)

Chopper
- C o
“l Mirrors . 7 rurnace t Mirro.

|

I

(Emrance siit

Mirror source

Fig., 3. External optical plan for high-temperature experimentation,

17 H. Y. Fan, Repts. Progr in Phys. 19, 107 {i¥5¢),
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where# = ax/4v, For small (ed), Eq, (1) reduces to

\

. _1-K '
I - 3
1+ R { ‘)
and for large {ad}, to
r=(-RrEe®¥=0-2)7107%" (4)

Von Hippe! and associates’
18) ,

made an analysis of the reflection data of Liebisch

)

W

and Ruhens to obtain the values of n and #, Cronemeyer ! correlated these
va.ues of n to values neasured hy othere nnd extended theis ieasurement with
a small prism tg 4359A, Thus, using Egs. (1) to (4) one can calculate refiection

ices and obtain the true absorption coefficient,
4

‘ Results

The general features of he a‘osérption near the e.ectronic edge of 3am-
ple ¥ (ibickness 18, 3¢ mm, transmission |l to c axis) are shown in the upper
curve ofz‘Fig. 4.’ This spectrum corresponds 1n general to previously reported
werk. with a gradual rise 1n abscrption before the suadden rise at the edge of
the eigenabsorption. The tail can be explained by imperfections and inay be
duce to irv;dxrect trans;txons. 19)

.Superimposed is a small residual absorption at J.56 p with a maximum
decadiv coefficient a' <€0,0! cm-l. Replotiing the upper curve ot Fig. 4 loga-
rithmically {Fig. 5} makes its shape independent of sawnple thickness. The
curvature of this -~ a4.cr15tic is a measvre of the speed with which the absorp-
tion grows as the band is approached. Now an inflection point appears near
19, 000 em ™} snd the existence of a band at 17, 3u0 em ™t seerns doubtiul.

A curve showing the theoretical reflection loss ie also included in Fig. 5

for the region of smull absorption; it is apparent that the absorption is higher

18} Th, Liebisch and H, Rubens, Sitzber. preuss. Akad. Wiss. 8, 2l ({921},
Before annealing in O, cf. p. 14,

19) L. H. Hall J. Bardeen, and F. J. Blait, Fhys. Re, 95, 559 (1954).
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- Fig. 4. Absorption of rutile Sample 4 (18.32 mm thick}.

and rises faster than explained by reflection alone.

The spectrum as récorded or the IR -3 spectrophotometer [rom 14, 00U
to 1800 coi ! iFig. 6) gives the absolute transmission assuming that outside
of the absorption bhand the transmission is determined entircly by recflection

loss. The tail of the {isrst infrared vibration band makes its apprarance at
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1

2700 cm . The exciting f=ature

is the very narrow absorpiion near e T T j
, = ! ,
3300 cm-‘, with its satellite struc- |
ture, which includes the e.bsorption 50p—— - - R S i
. o I~ i i :
- at 4340 cm 1. The main absorption - | ’ }
, | ! :
"is shown in more detail in Fig., 7 i
1 . ec 1 e e
(effective slit width € 7 ¢m
c ELc
o
through this region). There is a 2 ! Room temp
. g 0 L———»A~*‘ e e -
large peak with an absorption maxi- é’ - ! !
e = [ !
mum at 3277 ¢ra 1 (peak absorption &0 - ||
. 1 S B S
coefficienta' = 0.78 cm ) and & . - | |
sharp side band at 3322 em™h A - I l i
! l
i :
graphical separation,assuming har- 2 L Jw,,__. —
i
o . -1 . ! .
monic oscillator shape, gives 28 cm ! I | |
1 i N N
for the half-width of the former and i i i J— l ; I |
3530 33100 3ioC 23C5C
13 ¢m ™! for that of the latte~ band, N Wave rumber {cm')

The peak absorption a' at 3322 cm'l, Fig. 7. Infrared speccrxtm of Sample 4

in'the 3300 cm™ region,
corrected for finite slit width, is .

1

"about 0.43 cm”, (It can be shown?¥s 21

that for a slit width equal to the true
band width the measured absorption coefficient will be 0.7 of the true peak.)
There e;‘re two shoulders on the long wavelength tail, at 3070 and 3170 cm.x.
On the short wavelength side structure may exist but the prescnce of atmospheric
water bands begins to cause a residual disf.;rtion from about 3420 to 3950 cm';.

obscuring the detailed structure.

The 3300-cm'l reéion was also eramined zt the temperature of liguid

20) X. S. Gibson, Natl. Bureau Standards: Circular 484, 1949,

21) . A. Ramsay, J. Am, Chem. Soc. 74, 72 (1952},
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nitrogen. The entire structure shifted to shorter wavelerngth

tmn
r
I
©)
=
o

new absorptions apptared but the >ld one was sharpened.

The alisorpticn picvzd very sensitive td the direction of polarization. Be-
cause of the limited efficiency of the polarizer and the strains in the crystals,
no‘ubsolute ‘value of the eéfect can be given, but the entire structure, including
the band at 4340 cm-l, behaves identically and the absorption coefficient is at
lez2st seven times greater for L ¢ than for E lhe.

An attempt was made to remove the band by heating in oxygen for thirty ‘
hours at 10009C, No significant change resulted except for a siight drop inah-
sorbance near the edge (cf. the lower curve of Fig. 4) including removal of the
bump near ¢.56 u. Cr',onemeyer,5 in contrast, found an increased absorbancs
near the edge in his crystél after sjinilar treatment. : . B

Cextain atomic and molecular groups create characteristic bands in par- .

22) The band in the region 3309 em™! lies in the O-H

ticular environments,
stretching region and sugges’s the presence of O-H groups in the crystal, To
éest this hypothesis, deuterium was introduced in substitution for H. Heating

in gaseous deuterium caused difficulties: the specimen reduced and a very
broad, d-rse band appenred, completely obscuring the region of interest

(Fig. 8). To substitute as much deuterium as possible without severe reduc-
tion, heating-above 900°C for short times (less than | minute) was found neces-
sary. Now a new absorption at 2442 cm-; appreared in these deute-ated speci-
mens, This is in the expected region and tiie bands were of the same shape as
tiie previous ones. However; the over-all opacity caused by reduction made ob-
servation of the Line structure impossible.

In the course of this study it was found that the O-H band in the 33OU-cm-I

region could be removed by strong reducing followed by re-oxidizing of the speci-

22) L. J. Bellamy, "The Infrared Spectra of Complex Molecules, ' Methuen and
Co., London, 1554.
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Fig. 8. Broad absorption caused by weak reduction
- of Sample 3, 0.52 mm thick,

rmen. Simply exposing a crysital to oxygen at high temperatures for long pe-
riods of time had no such effect. ' _

The broad band appearing in weakly reduced”I‘iOZ {ct. Fig. 8} extends
from the nearest vibrationsal band to the electronic =dge. In dur case the mini-
mum transmission occurs in the region of 6850 cm"1 (1. 46 u); Cronemeyers
rzported a slightly different value, 5405 em™! (1,85 ) for this sample.

In order to determine whether high temperature alone would produce
such a band (or any new absorption) in fully oxidized rutile, high~temper'ature
spectra were taken., Figure 9 refers to a sample of 0.52 mm between ¢ faces.
(The ¢bserved regions marked "sz" and :‘COZ" were caused by vapors in the
ceil; at high temperatures their absorption 1nodifies and broadens.]) The
irausmittance valuén 2r7 not to be considered ahaolute hecause slight changes
in equilibriurn position of the high.-index sa‘mpvle at the various temperatures,

and differing degrees of window contamination occur. However, it is evident

that no absorption corresponding to the reduction band appears.
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£ L ¢
70_ b
s0F— : CO2
s
50: zgiﬁ/ HZO
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70 - ~ 1
80 . /HZOW Co2
80 247;_9/' 7
c .
Q 40k
w 70 ‘
SEETIoE 2 OY’C‘OZ\
£ 8504- AOOV/,Z
0] A
¢ aok '
N 70[— - —
- ~
65~ Y
&< SGE 756W/H20 ) CO?\
a0
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80k lOOOL/" H,C
- N . . COZ‘\
0~ . | ! : J
L N 4 L jl [

10,000 8000 6000 4000 2000
: ‘Wave number (zm™') i

Fiz, 9. Infrared absorption spectra of Sarnple 1 {0.52 mm thick).

" Figure 10 shows tke shift of the cigenabsorption edge for temperatures
up to‘IIOOOOC for the ca}ue’E 4 c; the shift for E i ¢ is identical within the er-

rors of the high-temperature experiment. The theoretical reflection loss is

ardinary ard edraordinary rays change only slightly with temperature.
{According to his data, the reflection loss at 5791A and 600°C produces 67.0
and 6Z.0 percent transmission for ELc and E || ¢, respectively, whereas at

room temperature 66.7 and 61,5 percent result.)
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1

0.5 :
: | ) , { 1 L i
26,000 - 24,000 ' 22000 20,000 18,000 16,000 14,000

PEEY

Wave number f2m’";

Fig. i0. Ahsg~rption spectrum of Sample 6 (29.5 Vp thick)
as function of temperature. :

Tuc ‘spec!ré in Fig. 10 refebr to a sample of 29.5-u thickness. The rate
of change of the edge position must be measured in the region of high absorption
where ‘,l'he curves be;ome‘ulvmost parallel and the errors }ntroduced by the ver-
tical translations are negligible. At an absorption coefficient a' of 400 <:m'l ‘ae
average shift for both Elc and E {i ¢ is 7.1 x1074 ev/°K toward longer wave-

length.
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"Fig. 1l. Absorption spectrum ot Sample 5(1l.94 mm thxck)
as function of temse*at: re. )

Figure ll, for a sample thickness of 11,94 r.m (E ll ¢), shows that at an
absarption coeffxcxent o' of abc;\u‘t 1 cm -1 t’\e average rate of shifting of the edge
is 9.9x107% ev/°K.

N ‘”For absoiute valurcs of transmission at high tem‘peratures in the infrered,
the opticat svetem of Fig. 3 was used. A portion 3f the results for tke case

E llc is shown in Fig. 12, The general shape is that alreadv shown in Fig. 9,

but now a marked¢ achromatic drop in transmission at 1000°C cun be ohserved,
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Alower than for E It ¢, when \ C }

" interest; bnth sets of nieasure-

_ ments were taken througha_ ..

.20 -

representing an increase of abgorption coefficient; 8a' = 0,42 + 0.02 e L At

800VC there is already a slight increase of absorption coefficient: a&a’ = 0.03 +

0,02 em}  Re-examination after the heating experiment at room temmperature
revealed a slight over-ail drop in transmission from the starsiing value:

J RS D U S
aa’ = 0,05 4102 cm ", prokably due'to a slight contamination bv Pt at elevated

teniperatures,

Miscellancous observations
Dichroism of the electronic absofption edge has not been previously noted
in the literature. Here we observed an eifect as shown in 'Figi.uU. . TﬁvéAédge

for ELlc occurs at an energy -

tnstrumental polarization ef-
fects are avoided. (A Nicol ’ -
p'r'xsr'n was used because it

hkas a flat t;:fm*;pn'iission char -

acteristic in the region of

Decedic adsorpton coefticent (cmt)

single pair of &' faces to ob-
viate effects of differing pol- ot

ish.)

Very preliminary meas-

L .
) 23,500 23EN) 2LICC 23000 2300 23400 2340
urements were made of the in- - L - : ; o
e T TR b W32 rombgr com

fluence of eleciric ¢urrent un

the optical transmission in Fig. 13, Dichroism of absorption coefficient of
n alumina-free rutile sample (path
an 8,5-mm crystal cube at length 8. 52 mim}j.

1000°C for several viavelengths, A variety of effecis;, superimposed on a general

slow drift toward smaller tranemission, were nbserved. Systematic studies of
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these elfexts are in progress.

Discussion

The most striking fvature of the high-temperature spectra of rutile is the

large shift in the opticai absorption ¢dge. Fan”) reviewed the theories explain«"

ing lthxs pheno;nennn - ailllro‘f‘ which invoke the effect of lattice vibrations eiiher
n shi‘{tmg oy br:;;adening the energy-gap lev.els. Macroscopically, the temper
ature variation :'f the gap, exclusive of the dilation effect of the lattice, should
be giv‘en by an ¢xpression containing the chanrge ol the energy gab with temper-
ature at constant pres'sure, which has been mea;ured here, and vy terms de-
scribing the effect of lattice dilation, which are of the {orm(asg/ap) . In
order, therefsre, to correlate the experimental results of this study "iith any
theory of hig{.x-"v,e'mpcraiure behavior, x'neasu;r;éments of Ehe i8othermal vari-
ation of gap with pressure should L ¢ made ara.'wéll.

‘The 1x;equency-i‘ndenendent high-tem:perature absorptiol (cf. Fig. 12)
«3an be attributed to free carrier absorption according to the theories of Drude-
Kronig-Zre:mr.za) The absorption coefficient and conduclivity due to free car-
riers in nonmagnetic média is o . .

i
- o -

1 ‘o [ -1] ' L
, 03 e ——— m , _
. . ne . wm ™
. b )

. : - aneue 2 Nep 5 [ohm-1 mnz] )

,\v]!ere%‘.: the low-frequency conductivity and the other saymbols have their con-

! .
ve itional meanings.

u (q;nf)/e < I, no significant wavejength dependence can be expectsd.

The

23) Cf, F. Seitz, "The Modern Theory of Solids, " McGraw-Hill Book Co., New
York, 1940, p. 638.



inequality may be written

[ mz']

..,04 p[';'kh-'sec (m' \ .
~*Y X[microns] Trr) < (o)

O
ov

24).

The Hall mobility u of electrons ia slightly reduged rutile crystals and
amics is € 1074 [mz/volt-sec] and decreases with increasing temperature,

Using the relation for the variation of mobility. with tempcraturezs) due to lattice
scattering

-5/2

{which should éredominate at high temperatures), we estimate that the mobility
at 1000°C should be-< 107 [mz/volt-sec] » Assuming an sifective mass be-
tween } and 10, we see that the inequé.li.ty is obeyed. For this limit the absorp-

’ tion coefficient is approximately constant and equals

D -2 . 5
-1t e 30 T (leg,ae)
a' [cm 1J-§= e ' 2

-1l '
mc :\q[ohmr m ]x0.63 (8}

1

. _for ny @ 2.6.
Observed is an absorption corificient a' = 0,42 Cm-i at lOOOOC, leading

to a conductivity {¢cf. Eq. 3) of 0.67 ohm'l m-l. Cranameyer rennris-a value of -
' . -l -1 — . . - . i e
T U(;"l?’o.j'ﬁ,ohm "'ni’l at IOOGGC, At 800YC the opiically measured a' 2 0, 03 +

0.2 cm-l gives an order -of-magnitude agreement with Cronemeyer's value e, =
0,04 ohm-1 m-l. The cvnrré_lation is wurprisingly good; there was no a priori
reagon to expect that iattice and impurity scatteriug would produce a mobility

in the infrared equal to the d-c mobility.

s= 0 I We have demonsirated that the bands at’ 3300 ¢ " arise from the presence

of ‘hydrogen in the laitice and correspond to O-H stretching vibrations. There 1a

. —

24) R. G. Breckenridge and ¥/. R. Hosler, Phys. Rev. 91, 793 (1953),

25) H. Y. Fan, Phys. Rev. 82, 900 (155).



26} <1, Kellner, Hepts, Progr. in Phys. 15, 17(i95¢j7 — -
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pr‘()bab;_\l_"‘;"n organized system of hydrogen bonded to the oxygen of the rutile lat-
tice: av\’ wéék hydrogen bonding may be indicated by the gplitting of the band into
two absorptions at‘3277 and 3322 cnx.l. The O-H valence frequency (e.g.,

methyl alcohuwt 3682 cm-l and scoiid LELOH 3678 c'm-l) has been generally observed
in condensed phases shifted toward,longer@avellengths."’fs} The shifts found here,
however, are uhﬁsuallyllarge and may be partly caused by the large dielectric
constant of ratile. It may be noted that these bands are unusually shiarp for O-H
absorptions in the solid state.

. k\terpalatfng‘x‘fb.;{'the ’.lﬁé&y and from results obtained on other hydrogen-
bonded systems, 27) we can estimate from the shift in O-H frequency that the
H-bond energy is about 3 kcal/mole. There is a relationshipze) between the
change of dipole moment with the normal co-ordinate 3y/ dr, the number of
oscillators per <:m3 N, and the integrated absorptiox;a coefficient A (cm_z);

-

m al
N =___za All.975) x 10, 9
(5) :
where m® is the reduced mass, Estimating du/ dr from its value in hydrogen-

borided'phenols, 29 we calculate that there are 1. 5xlO17 O-H groups per cm3 in

the sampiec af Fig. 7. Other aamples ahowed the_same ordes-uvi-magnitudes - —--—-—--

The substitution of deuterium for hydrogen should shift the tiequency of
vibration in the ration wH/u;D = 1,37. The numerical value was obtained by as-
suming that the vibration was normal and that the reduced mass was o be comi~'

puted with the mass of uxygen. A further assumption was that the same force

1

chroeder, J. Chem. Phys, 23, 1099 {1955).

[ 7]

27) E. R. Lippincott and R.
28) R. D. Waldron, Phys. Rev. 99, 1727 (1955),

297 H. Tsubomura, J. Chem. Phys. 24, 927 (i956).




) = 1.3%. confi : th ist af - bvd pi e who 1o
wH/uD = 1,.2. contirming the existence Ol ‘hydrogHn in ine ias

- 24 -

' ) . L , 30
constant couald be used for both vibrations, -since X-ray evidence. ), showed

that for weak hydrogen bonds, such as in ice, the intermolecula: -listance is
the same for O-D and O-H. We may therefore assume that the potential ener-

gies are practically vyuivalent. The 'expérimentalxy determined ratio is

N T T —

‘The activation energy of the dielectric dispersion discovered in ratite?)

might lead one t¢ expect an optical absorption rear 3000 cm-l. This would

correspond to the absorption of hydrogen-bonded character hers fox=d, which

miéht allow dipole orientation by inversion,

The dielectric dispersions have the property of being strongly polarized

_ with respect to the direction of the electric vector. The infrared absorption

of the O~-H group is polarized by 90° to the dielectric dispersion. This cor-
relation should be studied further; since weé have shown that:the hydrogen can
be driven out of the crystal, the relation between both effects can be investi-

goted 1n detaii.
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